Bovine lymphocytes infected with the parasite Theileriaparva continuously secrete a growth factor that is essential for their proliferation in vitro and also constitutively express interleukin 2 receptors on their surface. Dilution of the secreted growth factor, caused by culturing cells at low density, results in retardation of culture growth. Human recombinant interleukin 2, however, effectively substitutes for the diluted growth factor by restoring normal growth rates and also allows Theileria-infected cells to be grown at low density without the use of feeder layers. Secretion of the growth factor and expression of the interleukin 2 receptor depend on the presence of the parasite in the cytoplasm of the host cell. Elimination of the parasite from the cell cytoplasm by the specific antitheilerial drug BW 720c results in the arrest of growth factor secretion and the disappearance of interleukin 2 receptors from the cell surface. This is accompanied by growth arrest and reversion of the infected cells to the morphology of resting lymphocytes. We propose that the continuous proliferation of infected cells in vitro is mediated by autocrine receptor activation.
intriguing model for research on parasite-host interactions (1) (2) (3) . A distinctive property of the parasite T. parva, and the closely related Theileria annulata, is the ability to induce the uncontrolled proliferation of the lymphocytes they infect. The bovine-infective stage of the parasite, termed the sporozoite, develops in tick salivary glands and is transmitted with the saliva injected during tick feeding (4) . The sporozoites enter bovine lymphocytes and differentiate into schizonts, which replicate synchronously with the infected host cell (1, 5, 6) . Infected cells undergo blast transformation and multiplication, resulting in rapid clonal expansion and high levels of parasitosis in the lymphoid tissues of the infected animal (7) . Cell lines can be established from Theileriainfected cells isolated by biopsy from lymphoid organs of infected animals (8) . Immortalized infected cell lines can also be generated in vitro by infecting bovine peripheral blood lymphocytes with Theileria sporozoites (9) . Theileriainfected cell lines exhibit many properties considered characteristic of tumor cell lines. Most notable are their apparently unlimited growth potential in vitro and the fact that lymphoid tumors will develop when parasitized cells are injected into nude mice (10) . In addition, parasitized cells can be cloned in soft agar or by limiting dilution on feeder layers (11, 12) .
Little is known ofthe parasite's role in inducing continuous proliferation of infected cells. Bovine T-cell clones, normally dependent for their growth on the addition of conditioned medium, become independent of exogenous growth factors after infection by T. parva (13) . Supernatants of Theileriainfected cells contain low concentrations of an interleukin 2 (IL-2)-like growth factor able to stimulate the proliferation of mitogen-stimulated bovine lymphocytes and IL-2-dependent T-cell clones, as measured by 125"-labeled deoxyuridine incorporation (13) . However, no evidence has been presented that Theileria-infected lymphocytes are themselves dependent on the presence of such a growth factor. Here we report that growth of Theileria-infected cells in vitro is mediated through an autocrine mechanism, involving the secretion of a growth factor with IL-2-like activity, and provide evidence for the constitutive expression of IL-2 receptors on the surface of infected cells.
MATERIALS AND METHODS
Theileia-Infected Cells. Maintenance and characteristics of the Theileria-infected cloned cell line TpM(803) used in this study have been described (14) . Cultures were grown at 370C in Leibovitz L15 medium containing 10o (vol/vol) heatinactivated fetal bovine serum (GIBCO, Paisley, Scotland), 20 mM Hepes (pH 7.1), L-glutamine (20 pug/ml), benzyl penicillin (100 units/ml), and streptomycin sulfate (100 j&g/ml). This medium is subsequently referred to as cL15.
Con A-Stimulated Lymphocytes. The isolation of bovine lymphocytes and the generation of Con A-stimulated lymphoblasts have been described (15, 16 (18) except that binding was carried out for 30 min at 37°C. Nonspecific binding was determined by measuring 125I-labeled rIL-2 binding in the presence of a 20-fold excess of unlabeled rIL-2. To monitor IL-2 receptors on the surface of cells from which the parasite had been eliminated, the 125I-labeled rIL-2 binding assay was carried out on cells cultured for 1, 4, 7, 10, or 14 days in cL15 containing BW 720c and rIL-2 (10 units/ml).
RESULTS
Growth of Theileria-Infected Cells Depends on the Secretion and the Concentration of a Growth Factor. Our earlier observations indicated that cell cultures at suboptimal densities grew better when rIL-2 was added to the culture medium. This suggested that a growth factor might be involved in proliferation of Theileria-infected cells. To test if a lymphokine secreted in the culture medium played a role in the continuous proliferation of Theileria-infected cells, the effect ofdilution on the growth characteristics ofcultures was monitored in detail. Fig. 1 shows that the growth rate of Theileria-infected cells, initially cultured at various densities, is inversely related to the dilution at which the cells were seeded. The growth rate in diluted cultures was completely restored by the addition of purified human rIL-2. Fig. 1 BW 720c-treated cells, these unparasitized cells continued to divide, initially at a rate equal to parasitized cells. Growth of unparasitized cells stimulated by exogenous IL-2 continued for 7-9 days. Thereafter, cells progressed into a resting state. This was preceded by a decrease in the rate of cell division (Fig. 3A) and DNA synthesis (Fig. 3B ) observed after cell passage on day 4. Further growth, for as much as 3 months, could only be achieved by addition of rIL-2 (10 units/ml) with the phorbol ester phorbol 12-myristate 13-acetate (50 ng/ml) to the culture medium. Omission of either compound from the culture medium led to growth arrest and cell death (data not shown). Morphological studies by light microscopy showed that the addition of BW 720c to the culture medium caused rapid degeneration of the parasite in the host cell cytoplasm. In the absence of rIL-2, cured cells rapidly lost the lymphoblastoid appearance typical for Theileria-infected cells, followed by extensive cell degeneration. However, when rIL-2 was added to BW 720c-treated cells, the unparasitized cells retained their lymphoblastoid appearance but were much smaller in size than Theileria-infected cells. Furthermore, the multinucleate cells typically observed in Theileria-infected cultures also disappeared.
Growth Factor Secretion Stops After Elimination of the Parasite. To establish whether cells from which the parasite has been eliminated stop secreting growth factor, the effect of daily medium changes on the growth of infected cells and cells cured by BW,720c that were cultured in the presence or absence of rIL-2 was tested. Fig. 4 summarizes the results of these experiments. Daily medium changes had no adverse effect on the proliferation of Theileria-infected cells, indicating that these cells were able to continuously replenish their growth factor. On the contrary, medium changes allowed Theileria-infected cells to reach higher densities after 5 days of culture than when the medium was not changed. When cells treated with BW 720c were washed daily and resuspended in fresh culture medium, proliferation ceased rapidly and was accompanied by a marked decrease in cell size and viability (as monitored by trypan blue exclusion). Addition of rIL-2 to BW 720c-treated cells, however, enabled them to continue growing at a rate comparable to that of Theileriainfected cells. BW 720c-treated cells resuspended daily in their original culture medium grew only slightly better than cells resuspended in fresh medium but maintained a more blastoid phenotype and higher cell viability. These cells also incorporated more [3H]thymidine; this was most evident on days 3 and 4 (Fig. 4B) units/ml) temporarily overcomes this effect; whether this occurs through the transient induction of high-affinity IL-2 receptors, as has been described for lymphocytes (19) , or through another mechanism needs to be determined.
Continuous IL-2 Receptor Expression Requires the Presence of the Parasite. Proliferation of parasite-free cells in the presence of rIL-2 continued for 7-9 days after elimination of the parasite. Thereafter, growth of uninfected cells slowed down. To examine the possibility that this decrease in growth rate was due to the disappearance of IL-2 receptors from the cell surface, receptor binding studies were carried out at various times after BW 720c treatment. Fig. 2 shows that the elimination of the parasite from Theileria-infected cells resulted in a gradual decrease in the number of IL-2-binding receptors on the cell surface. By 7 days after the start of BW 720c treatment, the number of measurable IL-2 receptors had decreased by half, and no 12I-labeled rIL-2 binding could be detected after 14 days.
These data suggest that growth arrest, caused by elimination of the parasite, may result from the disappearance of IL-2 receptors from the cell surface, in combination with the cessation of growth factor secretion.
DISCUSSION
The data presented here show that growth of Theileriainfected cells in vitro occurs by autocrine stimulation that depends on the presence of the parasite in the cell cytoplasm and is abolished when the parasite is eliminated. This is accompanied by a rapid arrest in growth factor secretion and followed by the gradual disappearance of IL-2 receptors from the cell surface. Several observations make it tempting to speculate that the growth factor may be bovine IL-2 itself. (i) Low concentrations of rIL-2 can effectively substitute for the secreted growth factor. (ii) It has been demonstrated that supernatants of Theileria-infected cells can stimulate 1251_ labeled deoxyuridine incorporation by bovine Con A blasts as well as by IL-2-dependent bovine T-cell clones (13) . (iii) It has been shown that T-cell clones become independent of exogenous IL-2 after infection with T. parva (13, 20 readily from Con A-stimulated lymphocytes than from untreated lymphocytes (11) . This finding implies that the parasite may exploit an activated proliferative pathway to establish autocrine growth. The observation that other leukocytes can be readily infected (26) but are generally not transformed by the parasite further suggests that the host-cell proteins involved are lymphocyte specific. There is evidence that parasite-specific determinants are expressed on the surface of Theileria-infected cells (20, 27) , although it is not known whether they are encoded by the parasite. These, when recognized in conjunction with class I major histocompatibility complex antigens, form the target for cell-mediated cytotoxic immune responses (20) . It is conceivable that these molecules, by interaction with host-cell-surface-membrane molecules involved in mitogenic signal transduction, could stimulate the infected cell into continuous proliferation.
In other systems, the induction of growth-factor independence of cells of the hematopoietic lineage is often associated with neoplastic transformation and is mediated by either autocrine or nonautocrine mechanisms. This usually involves transformation by oncogene-bearing retroviruses (reviewed in ref. 28) or infection with retroviral constructs containing growth-factor genes (29) . In addition, perturbation of the expression of a growth-factor gene, such as that caused by integration ofa viral long terminal repeat in the IL-2 gene, has also been shown to cause autocrine proliferation (30) . Most systems used to study transformation and tumorigenesis, including autocrine systems, are irreversible because they involve permanent alterations in the genome of the affected cells, either by mutation, translocation, or integration ofviral sequences. Theileria-infected lymphoblastoid cells are exceptional in that immortalization is caused by a parasite present in the cytoplasm of the infected cell. In addition, the unlimited growth potential can readily be reversed by elimination of the parasite by specific antitheilerial drugs. This possibility provides opportunities to dissect mechanisms involved in lymphoid cell immortalization.
